Ni(OH) 2 nanoplatelet/electrospun carbon nanofiber (ECF) hybrids have been simply prepared for the construction of nonenzymatic glucose biosensors. The resulting Ni(OH) 2 /ECF hybrids were carefully examined using SEM, TEM, HRTEM, XRD, and XPS. For all hybrids, two-dimensional Ni(OH) 2 nanoplatelets were uniformly anchored on the one-dimensional ECFs, forming a hierarchical nanostructure, and the thickness of Ni(OH) 2 nanoplatelets could be readily tailored by controlling the content of Ni(OH) 2 precursor. Cyclic voltammetric studies showed enhanced redox properties for Ni(OH) 2 /ECF-based electrodes relative to pure Ni(OH) 2 nanoplatelet electrode and significantly improved the electrocatalytic activity for glucose oxidation. The application of Ni(OH) 2 /ECF-based electrodes to glucose detection was explored. A low limit of detection (0.1 mM), wide detection linear range (0.005-13.05 mM), and excellent signal stability and reproducibility were demonstrated by this novel Ni(OH) 2 / ECF-0.06 hybrid. The sensor was also applied in real serum samples, giving satisfactory results. The simple preparation, low cost, and enhanced electrocatalytic performance of these hybrids could pave the way for highly sensitive glucose sensors.
Introduction
Diabetes, a common chronic disease, is becoming an increasing threat to human health. In the last few years, considerable effort has been devoted to developing reliable and efficient methods for monitoring glucose in human blood, such as high-performance liquid chromatography method, 1 colorimetry, 2 chemiluminescence, 3 electrochemiluminescence, 4 and electrochemical sensors. [5] [6] [7] Among these techniques, electrochemical biosensors are among the most convenient and promising due to their simplicity, rapid response, and high sensitivity. 8, 9 Electrochemical biosensors for glucose determination are commonly classied as enzymatic or nonenzymatic glucose sensors. Enzymatic glucose sensors, based on the immobilization of glucose oxidase (GOD) on various substrates, have been the subject of most previous studies in this eld. 10 Although these glucose sensors provide excellent selectivity and sensitivity, GODbased biosensors suffer from intrinsic drawbacks, such as poor reproducibility, thermal and chemical instability, and high cost, 11 which limit their practical applications.
Nonenzymatic sensors have high sensitivity, long-term stability, rapid response times, and are low cost. They have received increasing attention as attractive alternatives for overcoming the limitations of enzymatic biosensors. Continuous research efforts towards the development of nonenzymatic sensors have culminated in the realization of electrocatalytic oxidation of glucose on bare metal surfaces. Early studies showed that glucose oxidation on some noble metals, such as Pt and Au, suffered from slow kinetics and were unable to generate signicant faradaic current. 12 Moreover, noble metal surfaces are easily poisoned by adsorbed intermediates and chloride ions, leading to decreased sensitivity. Therefore, the search for novel materials with appropriate architectures is key for the fabrication of highly sensitive nonenzymatic glucose sensors. To address this problem, various transition metal oxides or metal hydroxides, such as NiO, 13 as large surface-to-volume ratio, well-dened interior void, and high specic surface area. Furthermore, decorating these Ni(OH) 2 nanostructures onto the carbon substrate is a popular strategy for developing efficient sensors. The synergistic effect of Ni(OH) 2 and the carbon substrate on which they were grown can result in enhanced sensing properties. In this study, the prominent conductivity of electrospun carbon nanobers (ECF) and electrocatalysis of Ni(OH) 2 nanoplatelets were combined to construct a highly sensitive nonenzymatic glucose sensor based on an Ni(OH) 2 /ECF hybrid. Fabrication of the Ni(OH) 2 /ECF hybrid was cost-effective, timesaving, and scalable using a microwave-assisted method. The morphologies and structures of the Ni(OH) 2 /ECF hybrids were characterized, and their electrochemical properties investigated in detail. Furthermore, Ni(OH) 2 /ECF was successfully applied to glucose detection in real serum samples.
Experimental

Reagents
Polyacrylonitrile (PAN), nickel nitrate hexahydrate (Ni(NO 3 ) 2 -$6H 2 O), urea (CO(NH 2 ) 2 ), glucose, uric acid (UA), dopamine (DA) and ascorbic acid (AA) were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). All other reagents were of analytical grade and used without further purication.
Apparatus
Morphological characterization was performed using scanning electron microscopy (SEM; TESCAN VEGA-3) and transmission electron microscopy (TEM; Tecnai G20). The crystal structure was characterized by X-ray diffraction (XRD; Bruker D8 Advance diffractometer) and X-ray photoelectron spectroscopy (XPS; PHI Quantera). XPS data were collected using a dual anode X-ray source with Mg K radiation at an energy of 1253.6 eV. The microwave oven was used in the power range 0-1000 W (MASIIPlus model, Sine Microwave Chemical Technology Co., Ltd, China). The specic surface area and pore size distribution were measured using a Brunauer-Emmett-Teller (BET) analyzer. All electrochemical experiments were performed on a CHI 760 E electrochemical workstation (Shanghai, China). A three-electrode conguration was used, comprising a platinum wire as the auxiliary electrode, a Ag/AgCl (saturated KCl) reference electrode, and a bare glass carbon electrode (GC) or modied GC electrode as the working electrode. Electrochemical impedance spectroscopy (EIS) was performed in a 0. 
Electrode preparation
The glass carbon electrode (GC, q ¼ 3 mm) was polished carefully using Al 2 O 3 powder and rinsed and sonicated twice in distilled water before use in subsequent experiments. Ni(OH) 2 /ECF (10 mg mL
À1
) was dispersed in a mixture of Naon (25 mL, 5 wt%) and distilled water (250 mL) by sonication. Immediately aer dispersion, the Ni(OH) 2 /ECF slurry (3 mL) was coated onto the GC electrode surface (Ni(OH) 2 /ECF/GC) and dried at 25 C for 24 h. The procedure for Ni(OH) 2 /ECF sensor fabrication is shown in Scheme 1.
3 Results and discussion
Characterization
To obtain Ni(OH) 2 /ECF hybrids, an efficient microwave-assisted synthesis technique was utilized for the in situ growth of Fig. 2A) revealed that Ni(OH) 2 nanoplatelets with thicknesses of 60 AE 6 nm had grown uniformly on the ECF surface, in good agreement with the SEM results (Fig. 1) . The HRTEM image of Ni(OH) 2 nanoplatelets (Fig. 2B ) exhibited welldened lattice fringes, with lattice spacing of 0.148 nm, corresponding to the (110) plane of Ni(OH) 2 . The corresponding SAED pattern (inset of Fig. 2B ) showed diffuse rings, indicating that the Ni(OH) 2 nanoplatelets were polycrystalline. As mentioned above, 3D hierarchical nanostructures were constructed from two-dimensional (2D) Ni(OH) 2 nanoplatelets anchored on one-dimensional (1D) ECFs, which can effectively prevent the aggregation of Ni(OH) 2 nanoplatelets and might facilitate electrolyte diffusion to the electrochemically active of Ni(OH) 2 nanoplatelets.
The crystal structure of Ni(OH) 2 /ECF-0.06 was studied by XRD. The Ni(OH) 2 /ECF hybrid displayed four diffraction peaks The nitrogen adsorption-desorption isotherm curve showed a type-IV isotherm (Fig. 3D) , with a sharp capillary condensation step at a relatively high pressure, implying the presence of a porous structure and a narrow pore size distribution, in agreement with the SEM and TEM results. The calculated specic surface area of Ni(OH) 2 /ECF-0.06 was 125.2 m 2 g
À1
. The pore size distribution was calculated using the BJH method (Fig. 3D, inset) . The pore diameter was mainly distributed at around 8-12 nm with a large pore volume. A high surface area and uniform pore distribution are especially benecial for Ni(OH) 2 -based sensing because these properties promote interactions between electrolyte and material, and allow for the high accessibility of target molecules to electrode surface. 28 
Electrochemical behavior of Ni(OH) 2 /ECF hybrids
To understand the electrochemical properties of Ni(OH) 2 /ECF hybrids, cyclic voltammetry (CV) analysis was performed in 0.1 M NaOH solution. All Ni(OH) 2 /ECF modied electrodes had pairs of redox peaks in the potential range 0.25-0.55 V, corresponding to the Ni(II)/Ni(III) redox couple in alkaline medium (Fig. 4A ). In comparison with pure Ni(OH) 2 nanoplatelet modied electrode, Ni(OH) 2 /ECF exhibited lower anodic peak potentials and enhanced redox currents (Fig. 4A, curves b-d) , indicating that Ni(II)/Ni(III) redox processes were facilitated in the Ni(OH) 2 /ECF hybrids. The Ni(OH) 2 /CNF-0.06 modied electrode showed the lowest anodic peak potential of approx. 0.42 V and the highest peak currents among the Ni(OH) 2 /ECF modied electrodes (Fig. 4A, curve c) , suggesting a high redox activity. The control experiment of the ECF-modied electrode displayed no redox peak during the potential scan (Fig. 4A,  curve a) .
To better understand the superior electrochemical properties of Ni(OH) 2 /ECF hybrids, EIS was carried out. Electron transfer resistance (R ct ), which is known to dictate the electron transfer kinetics of the redox probe at the electrode interface, was measured using EIS (Fig. 4B) . The R ct values of Ni(OH) 2 /ECF modied electrodes (Fig. 4B, curves b-d) were smaller than that of the pure Ni(OH) 2 nanoplatelet modied electrode (Fig. 4B , curves e), suggesting that the ECF matrix signicantly enhanced the electrical conductivity of the Ni(OH) 2 /ECF hybrids.
Electrocatalytic oxidation of glucose
Ni(OH) 2 -based nanomaterials have been reported to show excellent catalytic ability toward some electroactive molecules, including glucose, 29 ethanol, 30 and amino acids. 31 Herein, the good electrochemical performance of ECF, including high electrical conductivity and large surface area, was expected to be combined with the electrocatalytic activity of Ni(OH) 2 nanoplatelets toward glucose oxidation. Fig. 5 and S2 † show CV curves of Ni(OH) 2 /ECF and pure Ni(OH) 2 nanoplatelet modied electrodes with various glucose concentrations in 0.1 M NaOH solution. Upon addition of 50.0, 100.0, and 200.0 mM glucose, Ni(OH) 2 /ECF modied electrodes exhibited a substantial increase in both anodic and cathodic peak currents at around 0.55 V and 0.25 V, respectively, and a positive shi in the anodic peak potential by around 0.02 V (Fig. 5 and S2 †) . Additionally, the catalytic currents of Ni(OH) 2 /ECF modied electrodes were markedly larger than that of the pure Ni(OH) 2 nanoplatelet modied electrode, indicating enhanced electrocatalytic activity for the Ni(OH) 2 /ECF hybrids, which might be attributed to the synergistic effect of well-dispersed Ni(OH) 2 and ECF, and the increased hybrid conductivity and surface area. The electrooxidation of glucose at Ni(OH) 2 /ECF modied electrodes can be described as follows:
Glucose was oxidized by NiOOH species on the electrode surface under the anodic potential, which converted the NiOOH species to Ni(OH) 2 .
Effects of scan rate and NaOH concentration
The inuence of scan rate on Ni(OH) 2 /ECF-0.06 was investigated in 0.1 M NaOH solution containing 1.0 mM glucose. The peak currents for both anodic and cathodic peaks were proportional to the square root of the scan rate ( Fig. 6A and B) . The results indicated that the electrochemical kinetics at the Ni(OH) 2 /ECF-0.06 modied electrode surface were diffusioncontrolled.
Hydroxide concentration played an important role in glucose oxidation on Ni(OH) 2 /ECF-0.06 due to the dehydrogenation of gluconolactone. As shown in Fig. 6C and D, the response increased with increasing NaOH concentration, from 0.02 to 0.10 M. Aerwards the response increased slowly as the concentration further increased in the range 0.10-0.20 M. Therefore, 0.10 M NaOH solution was chosen as the supporting electrolyte solution. 
Amperometric detection of glucose
Nonenzymatic glucose sensors that take advantage of electrocatalytic glucose oxidation are of great research interest. Given the signicant changes in redox current intensity of Ni(OH) 2 /ECF upon addition of glucose, amperometric detection of glucose using Ni(OH) 2 /ECF-based electrodes appears promising. Therefore, Ni(OH) 2 /ECF hybrids were further evaluated for their amperometric responses to glucose. As shown in Fig. 7A , upon successive addition of various glucose concentrations, signicant and quick responses were observed for all Ni(OH) 2 /ECF modied electrodes with 95% of the steady-state current achievable within 3 s. In comparison, the Ni(OH) 2 modied electrode showed the lowest sensitivity among all electrodes tested. The Ni(OH) 2 /ECF modied electrodes exhibited improved sensitivity relative to Ni(OH) 2 modied electrodes, which was attributed to the increased electrocatalytically active surface area resulting from the well dispersion of Ni(OH) 2 nanoplatelets in the ECF support. In general, the amperometric sensitivity of the tested electrodes was in the order Ni(OH) 2 < Ni(OH) 2 /ECF-0.03 < Ni(OH) 2 /ECF-0.12 < Ni(OH) 2 /ECF-0.06 (Fig. 7B) . The Ni(OH) 2 /ECF-0.06 electrode showed the highest glucose sensitivity, which was more than three-fold greater than that of the Ni(OH) 2 20 and Ni(OH) 2 /nanoower electrodes. 36 The performance of the Ni(OH) 2 /ECF-0.06 sensor is compared with other Ni(OH) 2 -based nonenzymatic glucose sensors in Table 1 .
Selectivity of Ni(OH) 2 /ECF-0.06
To further explore Ni(OH) 2 /ECF-0.06 as a reliable platform for enzyme-free glucose sensing, practical testing conditions must be taken into consideration. In real samples, some electrochemically active substances, such as ascorbic acid (AA), uric acid (UA), dopamine (DA), and some sugars with similar chemical structures, might cause interference. The normal physiological level of glucose is about 3.0-8.0 mM in human serum, while levels of carbohydrates, such as xylose, mannose, lactose, and maltose, and AA, DA, and UA, are about 0.1 mM.
26 A well-dened glucose response was obtained, while insignicant responses were observed for interfering species (Fig. 8A) . Compared with glucose, the current responses were 3.85%, 1.87%, 1.70%, 0.85%, 2.93%, 3.32%, and 3.31% for AA, DA, UA, xylose, mannose, lactose, and maltose, respectively (Fig. 8B) . Therefore, Ni(OH) 2 /ECF-0.06 showed satisfactory selectivity for glucose detection in the presence of potential interfering reagents.
Given that many metal-based glucose sensors are susceptible to chloride ion poisoning, the antifouling ability of the Ni(OH) 2 / ECF-0.06 electrode was probed by performing i-t measurements in 0.1 M NaOH (aq.) containing 1 M NaCl. No changes in the current responses of Ni(OH) 2 /ECF-0.06 to glucose were discernible (Fig. S3 †) , conrming the good resistance to surface fouling.
Reproducibility and analysis of real samples
The reproducibility of the Ni(OH) 2 /ECF-0.06 modied electrode was estimated from the current response of six different electrodes to 2.0 mM glucose. The RSD was calculated as 3.35%. Furthermore, the Ni(OH) 2 /ECF-0.06 modied electrode showed an RSD of 3.55% for six successive measurements of 5.0 mM glucose, demonstrating that Ni(OH) 2 /ECF-0.06 was stable and suitable for repeated glucose detection. The long-term stability of this modied electrode was tested aer storing at room temperature for one month, and no signicant change in current response was observed, implying that the biosensor could be used in long-term routine applications.
To verify that the sensor can be applied in clinical diagnostics, the as-fabricated sensor was used to determine the glucose concentration of human blood serum. Human serum samples were received from Nanchang People's Hospital without any pretreatment. The glucose contents measured using the proposed method were in good agreement with data provided by the glucometer (Sejong Biotechnology Co., China) ( Table 2) . Meanwhile, the recovery was 98.5-102.6% with an RSD below 3.05%, suggesting the strong applicability of the sensor to real samples.
Conclusions
In summary, Ni(OH) 2 /ECF hybrids comprising Ni(OH) 2 nanoplatelets uniformly grown on electrospun carbon nanobers were simply prepared and used as nonenzymatic glucose biosensing electrode materials. ECFs have good electrical conductivity, which not only facilitated charge transfer across the interfaces for fast redox reactions of Ni(OH) 2 nanoplatelets, but also effectively mitigated their aggregation. Moreover, the hierarchical nanostructures of Ni(OH) 2 /ECF provided continuous channels, which enabled rapid electrolyte diffusion to access the electrochemically active Ni(OH) 2 nanoplatelets. Beneting from these synergistic effects, Ni(OH) 2 /ECF presented excellent nonenzymatic glucose sensing performance in terms of sensitivity, selectivity, response time, and linear calibration. This strategy provides a new, reliable, effective, and promising method for the application of Ni(OH) 2 /ECF hybrids in high-performance glucose sensing. 
